Objective: Oxidative stress has been reported to increase with ageing. However, the data in healthy humans remain controversial and studies in free-living elderly people are scarce. The objective of the present study was to compare age-related oxidative stress in late middle-aged and older free-living subjects. Design: The effect of ageing on oxidative stress and antioxidant parameters was investigated in 188 middle-aged subjects from Clermont-Ferrand (France) and Coleraine (UK), and in 199 older subjects from Grenoble (France) and Roma (Italy). Plasma thiol (SH) groups, define definition (TBAR's) and total glutathione (GSH), define definition (FRAP), and superoxide dismutase (SOD) activity were measured at baseline of the ZENITH study. Results: Plasma SH groups and FRAP and, surprisingly, TBAR's were significantly lower in free-living older subjects compared to younger subjects (Po0.001, Po0.001, Po0.01, respectively), but there was no significant differences in GSH levels. Conclusion: European free-living healthy older do not appear to be exposed to an acute oxidative stress. However, the highly significant positive correlation between plasma SH group oxidation or decreased FRAP and ageing is predictive of an increased risk of oxidative stress in older subjects. Moreover, the comparison between middle-aged and older subjects regarding oxidative stress parameters suggests also a progressive and slow decline of antioxidant status in healthy free-living older elderly and underline the impact on life-style factors on successful ageing.
Introduction
Several theories have been proposed to explain the ageing process, but there is increasing evidence that ageing might be caused by the deleterious and cumulative effects of reactive oxygen species (ROS) generated throughout the lifespan (Harman, 1956; Knight, 2000; De La Fuente, 2002; Junqueira et al, 2004) . Oxidative stress has been reported to increase in elderly subjects, possibly arising from an uncontrolled production of free radicals by ageing mitochondria and decreased antioxidant defences. There is abundant experimental and observational evidence supporting the idea that ageing is the sum of all free radical reactions throughout all cells and tissues, or that they are at least a major contributor to it (Harman, 1998; Finkel and Holbrook, 2000) . Increased levels of ROS and other reactive oxidants have been reported to cause oxidative modifications of lipids, proteins, and DNA in aged animals (Miquel and Weber, 1990; Chen et al, 2000) . However, the results of studies investigating oxidative stress in ageing are still controversial (Cini and Moretti, 1995) . In humans, there are limited and conflicting results in the literature (Kasapoglu and Ö zben, 2001; Balkan et al, 2002) . In institutionalised or frail subjects, oxidative stress was reported to increase 'which was related to low antioxidant status (Galan et al, 1997) , while in free living elderly this increase is not always significant. The age-related alterations of antioxidant defences in free-living elderly are not yet ascertained, and there is a lack of information regarding their evolution from middle-aged to older elderly. Therefore, the aim of the present study was to compare age-related oxidative stress parameters in healthy free-living late middle-aged (55-70 y) and older (70-85 y) European subjects. Lipid and protein oxidation were monitored by plasma define (TBAR's), and plasma thiol (SH) group, antioxidant defences assessed by erythrocyte Cu/Zn-superoxide dismutase (RBC Cu/Zn SOD) activity, ferric reducing antioxidant plasma (FRAP) assay and plasma total glutathione (GSH).
Subjects and methods

Subjects
A total of 387 volunteers participated in the large multicentred European ZENITH study. 188 aged 55-70 y (61.874.4 y), recruited from Clermont-Ferrand (France) (n ¼ 95) and Coleraine (United Kingdom) (n ¼ 93) constituted the late middle aged group, and 199 aged 70-85 y (74.473.8 y), recruited from Grenoble (France) (n ¼ 91) and Rome (Italy) (n ¼ 108) constituted the older group. Details for subjects recruitment and screening, including inclusion and exclusion criteria, as well as for ethical considerations have been described elsewhere in this supplement (Polito et al, 2005) .
Laboratory assessment
Fasting blood samples were collected in vacutainer tubes, kept on ice immediately after drawing, and then centrifuged at 1000 Â g for 15 min at 41C. Plasma and erythrocytes were immediately isolated, aliquoted, and stored at À801C. For GSH determination, whole blood samples were deproteinised by adding an aqueous solution of metaphosphoric acid 6% (lysate-metaphosphoric acid (5:1, v/v)), then the mixture was centrifuged (2500 Â g, 10 min, þ 41C) within 30 min and stored at À801C until required for analysis.
Lipid peroxidation was measured by TBAR's production following the method described by Richard et al (1992) . The calibration curve was obtained from a stock solution of 20 mmol/l 1,1,3,3-tetraethoxypropane (TEP) in the range of 1-8 mmol/l. Standards and samples were placed in a boiling water bath at 951C in the presence of thiobarbituric acid (TBA)/perchloric acid (HClO 4 ) mix for 1 h, and then the reaction was stopped with ice water. After extraction of the coloured MDA-TBA complex with butanol, the fluorescence was measured in an Hitachi F4500 fluorescence spectrophotometer (B Braun Science Tec, France) set at an excitation wavelength of 532 nm and an emission wavelength of 553 nm.
Protein oxidation was determined as described by Faure and Lafond (1995) by plasma SH group determination. The calibration was obtained from a stock solution of 100 mmol/l N-acetyl cystein (NAC) in the range of 0.125-1 mmol/l. Standards and plasma samples were measured by spectrophotometry at 415 nm (Hitachi 904, B Braun Science Tec, France) in the presence of 0.05 mol/l phosphate buffer, 1 mmol/l EDTA, pH 8 and bis-5,5
0 -dithio-bis(2-nitrobenzoic acid) (DTNB 2.5 mmol/l).
GSH was evaluated according to the method of Akerboom and Sies (1981) which was slightly modified and based on the spectrophotometric evaluation (Uvikon 860, Kontron Instruments, France) of the reduction rate of 5,5 0 -dithiobis-2-nitrobenzoic acid (DTNB) into 5-thio-2-nitrobenzoate (TNB) at 412 nm. Values were determined by comparing the reduction rate against a standard curve of GSH.
FRAP assay. Plasma antioxidant status was evaluated using ferric reducing antioxidant power (FRAP) assay (Benzie and Strain, 1999) . The FRAP assay uses antioxidants as reductants in a redox-linked colorimetric method. In this assay, at low pH, a ferric-tripyridyltriazine (Fe III -TPTZ) complex is reduced to the ferrous form, which is blue coloured and monitored by measuring the change in absorption at 593 nm. The change in absorbance is directly proportional to the reducing power of the electron-donating antioxidants present in plasma. The absorbance change is translated into a FRAP value (in mmol/l) by relating the change of absorbance at 593 nm of test sample to that of a standard solution of known FRAP value. Erythrocyte Zn-Cu superoxide dismutase activity was measured by using a Randox test combination (Randox, Grumlin, UK). Xantine and xantine oxidase were used to generate superoxide anion radicals, which react with 2-(4-iodophenil) 3-(nitrophenol-5 phenyl tetrazolium chloride (INT). SOD inhibits the reaction by converting the superoxide radical to oxygen. One SOD unit inhibits the rate of INT reduction by 50% at 371C and pH 7 for 1 min. A standard curve was prepared by using the standard provided in the kit, and the value for each sample was read from this curve. SOD activity is measured at 505 nm on a Hewlett-Packard 8453 spectrophotometer Plasma iron was quantified by colorimetry using Hitachi 917 (Roche Diagnostics, France).
Results
The indices of oxidative stress are shown in Table 1 . In the entire group (males and females together), mean plasma TBAR's levels were significantly (Po0.01) lower in older subjects as compared to middle-aged subjects. This agerelated difference (Po0.05) was also evident in females and males, separately. Middle-aged women exhibited the highest level of plasma TBAR's compared to older women (Po0.05) and middle-aged men (Po0.05) - Table 1 does not show any significant gender differences.
In contrast, in the entire group, plasma thiol concentrations were significantly (Po0.001) lower in older subjects compared to middle-aged subjects . This age-related difference (Po0.001-0.01) was also observed for each gender, separately.
In the entire group (male subjects and female subjects), plasma FRAP levels were significantly lower (Po0.001) in older subjects compared to middle-aged subjects. This agerelated difference (Po0.001) was also observed for each gender, separately. While there were no gender differences in plasma FRAP within the older age-group, middle-aged males had significantly (Po0.001) higher levels than middle-aged females.
There were no significant age or gender related differences in erythrocyte Cu/Zn SOD activity, plasma GSH or serum Fe.
The correlation coefficients between Zn nutriture and oxidative stress indices are shown in Table 2 . Plasma Zn was negatively correlated with TBAR's/Cholesterol (r ¼ À0.12), and plasma SH groups (r ¼ À0.11), and RBC Zn was positively correlated with plasma FRAP (r ¼ 0.13), whereas there was no significant correlation between Zn intake and oxidative stress indices.
The correlation coefficients between age and oxidative stress indices are shown in Table 3 . Age was negatively correlated with FRAP (r ¼ À0.7), plasma SH groups (r ¼ À0.5) and TBAR's (r ¼ À0.2), whereas there was no significant correlation between age and serum iron level or Cu/Zn SOD.
Discussion
Numerous studies have demonstrated that oxidative stress is increased in frail, institutionalised elderly people, and may lead to an accelerated ageing and higher incidence of oxidative diseases such as cancers, CVD, or dementia (Maugeri et al, 2004) . The current work addressed the relationships between oxidative stress and age in a freeliving healthy elderly population that represents an increasing segment of the general population in developed countries. Two age-groups of subjects, from three countries of the European Community, were compared in relation to oxidative stress indices. The late middle-aged group was 61.8274.40 old and the older group was 74.3773.73 y old. They were free-living, apparently healthy, with adequate total caloric intakes.
Protein oxidation is generally reported to increase during ageing (Kasapoglu and Ö zben, 2001) . In this study, plasma thiol groups, whose oxidation is an early determinant of oxidative stress (Balcerezyk and Bartoz, 2003) , were significantly lower in older subjects. These findings are in agreement with our previously described data which show a higher level of protein oxidation in postmenopausal women compared to younger premenopausal women (Bureau et al, 2002) . Plasma TBAR's were significantly higher in middle-aged group than in the older group, with the highest values in females. We also found a negative linear regression between age and TBARS levels (r ¼ À0.20; P ¼ 0.01), whereas others have reported a positive correlation between age and TBARS levels (Junqueira et al, 2004) . In agreement with the present findings, some studies did not report a modified production of lipoperoxides with advancing age (Hininger et al, 1997; Savarino et al, 2001) . The impact of age at enrolment in these different studies and those of lifestyle factors might explain the discrepancies between the studies. For example, depending on the study, subjects are considered as older at 60 y, 70-80 y, or 480 y and lifestyles (free living older, disabled, institutionalised, hospitalised) are also very different. The data from literature suggest that lipid peroxidation is a less sensitive marker of oxidative stress than protein oxidation (Kasapoglu and Ö zben, 2001; Junqueira et al, 2004) . In this study, this hypothesis is supported by the fact that the correlation coefficients were higher for protein oxidation than for TBARS. The lack of difference between the agegroups could be also due to the design of the study. Indeed, we have investigated oxidative stress in groups relatively close in age (55-70 vs 70-85 y) and generally in healthy condition. In healthy older subjects, like nonagenarian and centenarian, other studies also reported a biological antioxidant status similar to those of younger elderly subjects (Hininger et al, 1997; Savarino et al, 2001) . Interestingly, we have found a significant positive correlation between iron status and TBARS, and we confirm in our population the relation described by others (Lasheras et al, 2003; HiningerFavier et al, 2004) . In the elderly, iron overload is known to be an aggravating risk factor for lipid peroxidation (Lasheras et al, 2003) . In the older group, we did not observe an increase of plasma iron, and possibly therefore the lack of increased lipid peroxidation. Since iron status was nevertheless highly correlated with lipid peroxidation (Po0.001) in our study, this could explain the decreased lipid peroxidation in the older group. Finally, TBAR's production is also dependent on polyunsaturated fatty acid intake, and it cannot be ruled out that a possible lowered consumption of polyunsaturated fatty acids by older elderly resulted in a lesser extent of lipid peroxidation.
Plasma total FRAP was lower in the older subjects. This decrease in FRAP was highly correlated to age and is observed both in males and females. These findings are in line with those of other investigators (Aejmelaeus et al, 1997; MutluTürkoglu et al, 2003) , and strongly suggest an age-related risk of uncontrolled oxidative stress in elderly subjects. However, the level of endogenous antioxidant GSH did not vary between the age-groups, suggesting that an increased oxidation of the plasma GSH pool did not occur in the older population. In other studies, the estimated plasma GSH pool in individuals 460 y was substantially oxidised when compared to individuals o60 y (Samiec et al, 1998) . In this study, the decrease in plasma total FRAP is not related to a decreased GSH pool, but could be associated to suboptimal intakes of antioxidant micronutrients, which have been often reported in the elderly. SOD activity was similar in middle-aged and older subjects. This lack of correlation between SOD activity and ageing has also been reported by others. In several experimental models of aged animals, the activity of antioxidant enzymes are unaltered, which may rule out a lack of protection due to a decrease in the activity of these enzymes (Remacle et al, 1992) . However, in humans, some studies reported a decreased SOD activity whereas others described an enhanced activity (Andersen et al, 1997; Mecocci et al, 2000; Junqueira et al, 2004) in ageing, as an adaptive response to an age-related oxidative stress.
Conclusion
Our data provide missing information regarding age-related oxidative stress in free-living healthy elderly compared to late-middle aged subjects. The findings highlight that freeliving healthy older European subjects are not exposed to an acute oxidative stress. However, the highly significant positive correlation between sensitive and early markers of oxidative stress, such as plasma SH group oxidation or decreased FRAP, and ageing is predictive of a later increased risk of oxidative stress in free living older. Moreover, the comparison between middle-aged and older subjects in relation to oxidative stress parameters, suggest also a progressive and slow decline of antioxidant status in healthy free-living older subjects and underline the impact on lifestyle factors in successful ageing.
